The cyclic nucleotide-gated (CNG) ion channels form an interesting link between the ligand-gated and voltSummary age-gated channel families. The CNG channels, which play important roles in visual and olfactory signal transCyclic nucleotide-gated (CNG) ion channels are multiduction (Yau and Baylor, 1989; Nakamura and Gold, meric structures containing at least two subunits.
but different subunit order display distinct properties. multimeric channels formed by each component subunit This suggests that the control of subunit order may (Mishina et al., 1990; Isacoff et al., 1990 ; Ruppersberg provide a further mechanism for generating diversity of et al Christie et al., 1990) . Thus, the formation of heteromultimers can increase the diversity of functional channel function. 
Results
wherein Na was the only permeant ion and the pH was raised to 9 (Root and MacKinnon, 1994) . Under these conditions, there is a large difference between the main Our approach to studying subunit stoichiometry is based conductance state of RET (30 pS) and RO133 (85 pS; on single channel conductance. We have previously Figure 1 ). shown that homomultimeric channels formed from the bovine retinal CNG channel ␣ subunit (RET) have a Coinjection of RET and RO133 RNA into oocytes leads smaller single channel conductance than channels to the expression of channels with a number of distinct formed from the homomultimeric catfish olfactory CNG intermediate conductances. Figure 2 presents recordchannel ␣ subunit (OLF; Goulding et al., 1993) . We also ings from several patches containing multiple channels showed that a chimeric retinal channel that contains the that demonstrate the presence of channels with conduc-P region of the olfactory channel (RO133) displays a tances that clearly lie between those of homomultimeric large conductance, similar to that of the olfactory chan-RET and homomultimeric RO133 channels. Since channel, but retains RET-like gating by cyclic nucleotides. nels with intermediate main conductance states were Furthermore, these differences in single channel connever observed in oocytes injected with either RET or ductance were shown to be due to differences in pore RO133 alone, these channels are likely to arise from the diameter, with the RET channel having a slightly narformation of heteromultimers. Assuming that channel rower pore (‫9.5ف‬Å ) than that of OLF (‫3.6ف‬Å ) or RO133 conductance is a function of the number of RET or (‫5.6-4.6ف‬Å ). We have here exploited these differences RO133 subunits that form the channel, it should be posin single channel conductance by using the intermediate sible to determine subunit stoichiometry simply by conductance of heteromultimeric channels formed from counting the number of distinct classes of intermediate RET and RO133 subunits as a fingerprint of subunit conductance channels that are observed upon coexstoichiometry.
pression of RET and RO133. If only subunit composition One complication in using single channel conducmatters and if CNG channels are tetramers, one would expect to see three intermediate conductance classes tance to characterize subunit composition is the presence of subconductance states that result from proton of channels (see Figure 4A ). However, if CNG channels are pentamers, one would predict four intermediate conbinding to the channel (Goulding et al., 1992; Root and MacKinnon, 1994) . To facilitate detection of intermediductance classes ( Figure 4B ). traces and all-points amplitude histograms from repreconductances of the two populations. However, three lines of evidence suggest that there are indeed two sentative patches demonstrating the range of the different channel conductances observed. In each case, amdistinct channel types present. First, the all-points amplitude histograms for individual 37 pS channels (Figure plitude histograms were fitted by the sum of two or three Gaussian functions, with the two main Gaussian 3B) and 42 pS channels ( Figure 3C ) have a characteristically different shape, with the smaller conductance functions corresponding to the closed state (at 0 pA) and to the main conductance state of the unprotonated channel class spending a greater fraction of time in a subconductance state that requires a third Gaussian channel. In some patches, a third minor Gaussian was used to fit the subconductance state caused by residual component. Second, the points clustered around 40 pS appear to fall into two separate peaks in a noncumulative protonation of the channel. Importantly, in all single channel patches, the main unprotonated channel conhistogram plot ( Figure 5A ). Third, some multi-channel patches contain both 37 pS and 42 pS channels, ductance state was stable throughout the recording. That is, none of the channels were observed to undergo allowing a clear separation between the two channel types that is not obscured by small inter-patch variability long-lasting transitions between more than one main conductance state. Therefore, the different main chan-( Figure 5B ). The presence of distinct 37 pS and 42 pS channel nel conductances seen in different patches must indicate the presence of channels with distinct subunit comtypes indicates the existence of four intermediate channel conductances, consistent with the CNG channels position.
The data from all of our single channel recordings being pentamers. However, another possibility is that the CNG channels are, in fact, tetramers and that the obtained from oocytes coinjected with RET and RO133 RNA were combined into a cumulative histogram, which order of subunits around the central pore affects channel conductance. Thus, if CNG channels are composed of plots the fraction of channels with conductances less than or equal to a given conductance level ( Figure 4D ).
four pore-forming subunits, then channels with two RET and two RO133 subunits can be formed either with like The histogram displays five distinct clusters of conductance values. The two extreme clusters of points subunits across from each other or with like subunits adjacent to each other. If the two arrangements of subcorrespond to homomultimeric RET (30 pS) and homomultimeric RO133 (85 pS) channels. The three intermediunits result in channels that exhibit distinct conductances, a tetrameric channel would indeed yield four ate clusters correspond to three major intermediate conductance classes of around 40 pS (level 1), 60 pS (level separate intermediate conductances in these mixing experiments. 2), and 73 pS (level 3). Thus, these data are consistent with the channel being a tetramer.
However, closer inspection of the points clustered at Order of Subunits Affects Single Channel Conductance 40 pS reveals that these events are likely to reflect the contributions of two conductance classes of channels, Owing to the above ambiguity upon coexpression of RET and RO133 monomers, we next turned to dimer one around 42 pS and one around 37 pS. Since the difference in conductance between the two channel constructs, which allowed us to address the question of whether the order of subunits can affect channel classes is small, minor variations in conductance between experiments (e.g., due to small temperature or conductance. Dimeric RET (RET-RET) and dimeric RO133 (RO133-RO133) channels, when expressed pH differences) obscure the separation between the alone, yield functional channels with the expected single like subunits are adjacent to each other. The one channel channel conductance of RET and RO133 homomultiwith a conductance around 40pS could be due to minor mers, respectively (data not shown). If CNG channels monomer contamination of dimer DNA, RNA degradawere tetramers, then coexpression of the two dimers tion, or incorporation of only one of the two subunits of should yield channels composed of either four RET subone or more dimers into the channel. units (channels with two RET dimers), four RO133 sub-
The results with the dimers, although strongly suggesunits (channels with two RO133 dimers), or two RET and tive that the channel is a tetramer, could be misleading two RO133 subunits (channels with one RET dimer and if the RET and RO133 dimers did not freely coassemble one RO133 dimer). Since in the latter case the order of (McCormack et al., 1992) . For example, it is possible subunits is likely to be fixed, with like subunits lying next that the first subunit to be synthesized in each dimer to each other, only one intermediate conductance class may be favored or disadvantaged for inclusion into a should be observed ( Figure 6A ). In contrast, if CNG chanchannel. Furthermore, the data fail to elucidate the origin nels were pentamers, then coexpression of the RET and of the two closely spaced intermediate conductance RO133 dimers would be expected to result in heteromullevels of 37 and 42pS. Accordingly, we have constructed timers that include all four possible intermediate contwo heterodimers, RET-RO133 and RO133-RET, that difductance channels expected for a pentamer upon coexfer in the order of the two subunits. If the channel is a pression of monomers (see Figure 6B ).
tetramer and both subunits of a dimer contribute equally Upon coexpression of RET and RO133 dimers, we to forming the channel, then expression of either heteroobtained a total of 14 patches with intermediate conducdimer alone should yield channels with only one, identitance channels distinct from RET or RO133 homocal conductance ( Figure 7A ). Since the subunits in the multimers. As shown in Figure 6D , out of these 14 chantwo heterodimers are in a reversed order, a biased incornels, 13 had identical single channel conductances of poration of the first or second subunit in a dimer would around 60 pS, corresponding to the intermediate conyield channels with different conductances. Expression ductance level 2 in the mixed monomer expression studof RET-RO133 heterodimers gave rise to channels with ies ( Figure 4C) . One channel had a conductance of 42 a conductance of around 40 pS in five out of six single pS, corresponding to intermediate conductance level channel recordings. All five channels recorded in single 1b. This pattern is very different from the monomer exchannel patches obtained from oocytes expressing pression studies, where we observed significant num-RO133-RET dimers also had conductances around bers of channels in all four intermediate conductance 40pS (Figure 7D ). levels. These results clearly favor the idea that CNG
The above results reinforce our conclusion that the channels are tetramers, and that the 60 pS channel is formed by two RET and two RO133 subunits in which channels are indeed tetramers, and that the two sub- see Figure 7B ). If subunit order was the reason for the difference between the 40 pS and 60 pS channels, we units of the dimers are incorporated equally well. Morewould predict that these experiments should yield a over, these results reveal an intriguing difference in the mixture of both conductances. If, on the other hand, an single channel conductance between the heterodimers altered conformation of the heterodimers was responsi-(40 pS) and the coexpressed homodimers (60 pS), deble for the reduced conductance (relative to the 60 pS spite the fact that in both cases, the functional channels conductance channels), these mixing experiments presumably contain two RET and two RO133 subunits.
should only yield 40 pS channels. As shown in Figure  One explanation for the difference in conductance is 7D, coexpression of the two heterodimers resulted in a that the order of subunits is likely to be different between weighted appearance of both 40pS and 60pS channels. the two types of heteromultimeric channels. In heteroOut of nine single channel patches, three channels had multimers formed between one RET dimer and one a conductance around 60pS, and six had a conductance RO133 dimer, like subunits should lie next to each other. around 40pS. Thus, the two heterodimers can indeed In channels expressed from the heterodimers, like subcoassemble to form a larger conductance channel, sugunits are likely to lie across the channel pore from each other (assuming that the dimers assemble tail to head, gesting that the difference between the 42 pS and 60 pS classes of channels reflects differences in subunit order. According to this interpretation, the 72 pS channel 1991; Catterall, 1992; Hofmann et al., 1994) . Two homolwould be composed of three RO133 subunits and one ogous classes of CNG channel subunits have been iden-RET subunit, whereas, the 37 pS channel would be comtified (␣ and ␤ or subunit 1 and subunit 2) (Chen et al., posed of three RET subunits and one RO133 subunit. 1993; Liman and Buck, 1994; Kö rschen et al., 1995 ; Consistent with this view, we find that the 72 pS channel Bradley et al., 1994) . The ␣ subunit, used exclusively in is the predominant intermediate conductance class obthese studies, forms functional homomultimers when served in recordings from oocytes injected with a high expressed in Xenopus oocytes or mammalian cell lines. proportion of RO133 to RET RNA. Conversely, the 37 pS These homomultimeric channels, however, differ from channel is the predominant intermediate conductance the native channels in photoreceptors and olfactory neuclass seen in recordings from oocytes injected with a rons in their single channel properties (see Zagotta and high proportion of RET to RO133 RNA. Siegelbaum, 1996) . Although the ␤ subunits do not form functional channels when expressed by themselves, Discussion when coexpressed with the ␣ subunits, the resultant channels more closely resemble the native channels. This study provides evidence that strongly suggests that Thus, it is likely that in native membranes the channels a functional CNG channel is composed of four subunits, are heteromultimers, composed of homologous ␣ and and therefore, is structurally similar to the 4-fold architecture of voltage-gated ion channels (MacKinnon, ␤ subunits. Although our results do not indicate the stoichiometry of ␣ and ␤ subunits in native channels, they suggest that both the number and the position of the different subunits may potentially contribute to defining the conductance phenotype of the channel. Recent results of Gordon and Zagotta (1995) demonstrate that the order of the subunits also affects channel gating. These authors demonstrated that the potentiation of rod CNG channels by Ni 2ϩ occurs only when two subunits possessing a key histidine residue are adjacent properties of a channel. One possibility is that the ar-
The bold outlined subunits represent RET, and the light outlined subunits represent RO133. Note that RET subunits extend further rangement determines the strength of interactions beinto the pore than RO133 subunits. The effective pore diameter of tween neighboring glutamate residues in the pore (E363) channels with like subunits next to each other (adjacent) is larger that form an external binding site for both protons and than the effective pore diameter of channels with like subunits lying divalent cations (Root and MacKinnon, 1994 ). An alterdiagonally across the pore (opposite). The effective diameter of a native possibility is based on the geometry of the pore.
circle that can fit into the pore of a channel with like subunits oppo-
In a previous study, we found that differences in conducsite to each other is the same as the effective diameter of a RET tance between the retinal and olfactory channels were homomultimer. The actual and predicted single channel conductances (from hydrodynamic theory of Dwyer et al., 1980) are also correlated with differences in pore diameter, based on given.
the permeability of different diameter organic cations (Goulding et al., 1993) . The chimeric RO133 channel has both the larger single channel conductance of the olfactory channel, as well as the olfactory channel's
Experimental Procedures
wider pore, indicating the importance of the P region for determining channel size. The differences in pore
